Introduction
Phenol and its derivatives are important water pollutants due to their strong toxicity to many living organisms even at low concentrations [1] . These chemicals can be discharged from many industries as by-products such as petroleum refining, petrochemical, pharmaceutical, plastic and pesticide industries [2, 3] . In many countries, the maximum threshold allowed for phenol in water streams is less than 1 mg/L, for instance 0.5 mg/L for Australia wastewaters [4, 5] . Therefore, the phenol containing wastewaters have to be treated before discharged into the environment.
Currently, conventional wastewater treatment technology has been proven to be limited in treating toxic organic compounds because degradation of various pollutants is often very slow or ineffective and not environmentally compatible [6, 7] . One promising technology that can be used as an effective process to completely degrade organic compounds in aqueous media is advanced oxidation processes (AOPs). AOPs are based on the generation of reactive species, such as hydroxyl radicals, that have a strong oxidizing potential for mineralizing organic pollutants into simple compounds, CO 2 and H 2 O [8, 9] . Apart from hydroxyl radicals, sulphate radicals have also been recently suggested as an alternative due to their higher oxidation potential.
Homogeneous catalysts are commonly more efficient compared to solid or heterogeneous catalysts because every single catalytic entity can act as a single active site. This characteristic makes homogeneous catalysts intrinsically more active and selective [10] . However, recovery of the catalysts needs further processes for separation of the homogeneous catalysts. Moreover, most of the dissolved metal catalysts are harmful to the environment. This disadvantage can be overcome by using heterogeneous catalysts, in which the catalysts will be recoverable and reusable [11] .
In most previous investigations, homogeneous Co 2+ /peroxymonosulfate (PMS, HSO 5¯) has been found to be an effective route of AOP for sulphate radical production and oxidation of various organics [12] [13] [14] [15] [16] [17] . However, a major issue in using Co 2+ metal ions is the toxicity and health problems to humans such as asthma and pneumonia [18] . Therefore, metal oxide catalysts for 3 activation of PMS, such as Co 3 O 4 [19, 20] , Co exchanged zeolites [21] 
Experimental methods

Material synthesis.
A nano-sized Mn 3 O 4 sample was prepared by a solvothermal method reported by Zhang et al. [35] .
In this synthesis, 1.0 g potassium permanganate was dissolved in 60 mL aqueous ethanol (60%) at room temperature to form a homogeneous solution. The solution was transferred into a 125 mL Sigma-Aldrich) was added into the solution for a while, then a catalyst was added into the solution to start the oxidation reaction of phenol. At certain time, 0.5 mL of water sample was withdrawn from the mixture using a syringe filter of 0.45 µm and then mixed with 0.5 mL of pure methanol to quench the reaction. The concentration of phenol was analyzed using a Varian HPLC with a UV detector at λ = 270 nm. The column used was C-18 with mobile phase of 30% CH 3 CN and 70% ultrapure water. For selected samples, total organic carbon (TOC) was obtained using a Shimadzu TOC-5000 CE analyzer.
Results and discussion
3.1. Characterization of oxide catalysts. 
Effects of reaction parameters on phenol degradation
The first parameter investigated in this study was phenol concentration, which was maintained at 25, 50, 75 or 100 mg/L. The effect of initial phenol concentration on phenol degradation is shown in Fig. 4 . Overall, removal efficiency of phenol decreased with increasing phenol concentration. For In order to estimate the kinetic rates, a general pseudo first order kinetics for phenol degradation was employed, as shown in equation below.
Where k is the apparent first order rate constant of phenol removal, C is the concentration of phenol at various time (t). C o is the initial phenol concentration. Using this model to draw plots of ln(C/Co) versus time produced a straight line for four different phenol concentrations as shown in Fig. 4 (inset). Based on regression coefficients, it can be concluded that phenol degradation followed the first order kinetics. The rate constants at varying phenol concentrations for the two systems are shown in Table 2 . As seen, rate constants will decrease as the concentration of phenol increases and Mn 3 O 4 presented higher rate constants. However, due to incomplete oxidation of phenol, optimal oxone® in this study seems to be lower than that in complete phenol mineralization. In addition, reaction temperature is also a key factor influencing catalyst activity and phenol degradation. Fig. 7 shows the effect of temperature on phenol degradation. recycling with filtration and water washing. As can be seen, both catalysts, showed slight deactivation in the second and third runs. However, the deactivation was not significant. In the second and third runs, phenol degradation efficiencies at 40 min were much high at 100% and 98%, 
